Background: Development of the maize (Zea mays L.) female inflorescence (ear) has an important impact on corn yield. However, the molecular mechanisms underlying maize ear development are poorly understood.
Genome-wide comparative analysis of digital gene expression tag profiles during maize ear development
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Introduction
Maize (Zea mays L.) is one of the most important crops and widely used as a model plant. Inflorescence and flower development are critically important for high yields in maize. Maize ears contain a low concentration of nitrogen, which can make good use of efficiency in aid sustainable production without adding more soil fertility after harvest [1] . Various mutants have been discovered, providing insights into molecular processes involved in ear development [2] [3] [4] [5] [6] [7] . However, the understanding of the maize ear developmental dynamics at the transcriptome level is limited. Only a few studies have undertaken large-scale gene expression analysis of the maize ear, including (i) evaluation of sequence-based expression profiles during reproductive organ development [8] , (ii) a study of the effect of water-deficit on immature maize ear development [9] , and (iii) discovery of novel microRNAs during maize ear development [10] .
The B73 sequence assembly [11] enables further analysis of maize ear development at a genome-wide transcriptome level. Owing to the dramatic decrease of sequencing costs and development of rapid and robust experimental procedures, sequencing can be used for cost-efficient high-throughput profiling analysis. For instance, by using digital gene expression (DGE) [12] [13] [14] [15] and RNA-Seq [16] [17] [18] analyses, new genes have been discovered [19] . Furthermore, these technologies are useful for estimating overall gene expression at different development stages or in different tissues [12, 20] and in response to abiotic stress [21, 22] . Considering the importance of ears in maize production, it is of great importance to understand molecular mechanisms involved in maize ear development in detail.
Thus, the objective of this study was to undertake a genome-wide comparative analysis of gene expression profiles to obtain an improved understanding of the molecular mechanisms of maize ear development during four developmental stages (the growth point elongation, spikelet differentiation, floret primordium differentiation, and floret organ differentiation phases) [23] using a DGE approach. Ears of maize from the four developmental stages were used to study the dynamics of mRNA expression. qRT-PCR was performed using randomly selected DEGs, in order to validate their expressions across different developmental stages. The K-means clustering method was employed to further determine the co-expression of genes involved in maize ear development.
Materials and Methods

Plant cultivation and sample collection
Seeds of the maize inbred line 18-599 (Maize Research Institute, Sichuan Agricultural University, Chengdu, China) were grown in a growth chamber at 24°C/18°C (day/night) with 12 h illumination per day. Ears were collected as described previously [10] at four developmental stages: the growth point elongation, spikelet differentiation, floret primordium differentiation, and the floret organ differentiation phases. In brief, ears were manually collected at the four developmental stages. All the samples were harvested and immediately frozen in liquid nitrogen, and stored at -80°C until used for RNA isolation.
Digital expression library preparation and sequencing
Total RNA from the maize inflorescences at each developmental stage were isolated using TRIzol (Invitrogen, Carlsbad, CA, USA) in accordance with the manufacturer's instructions. For RNA library construction and deep sequencing, equal quantities of RNA were pooled for each developmental stage. Approximately 6 μg of total RNA representing each library were sequenced using Illumina HiSeq™ 2000 System as described [15] . The DGE libraries were constructed using Illumina Gene Expression Sample Prep Kit according to the manufacturer's instructions. Briefly, mRNA were isolated and purified from total RNA using Oligo (dT) magnetic beads, and synthesized to be the first and second-strand cDNA. Then the bead-bound cDNA was subsequently digested with restriction enzyme NlaIII, and two adaptors were ligated to the 5' and 3' ends of the tags, respectively. After 15 cycles of linear PCR amplication, 95bp fragments were purified. Then the single-chain molecules were fixed onto the Illumina Sequencing Chip (flowcell) and sequenced with the method of sequencing by synthesis. Finally, millions of raw reads of each library were generated with sequencing length of 35 bp.
Sequencing data and Differentially expressed gene analysis
Raw data were filtered to remove the adaptors, low quality tags, and tags with one copy number. Then clean reads were used for further analysis. In brief, clean reads were aligned to the maize reference genome [11] (B73 RefGen_v3 (May 2012)) using SOAP2 software [24] , allowing only 1bp mismatch. The unambiguous tags were annotated. Both sense and antisense sequences were used in the data analysis. To analyze the gene expression, the number of clean reads for each library was counted and then normalized to tags (reads) per million. To detect DEGs, statistical analyses among libraries were performed following the formula as described [20] , where false discovery rate (FDR) was used to determine the threshold of the P value in multiple test and statistical analysis [25] .
Significance of differential gene expression was determined at a false discovery rate < 0.001 and an absolute value of log2-ratio ≥ 1.
Global analysis of differentially expressed genes
To further annotate and analyze the DEGs, a user-driven tool MapMan [26] was used to assign DEGs to functional categories of metabolic pathways or other processes, and the genes were grouped by developmental dynamics using the K-means clustering algorithm as described [27] . To further identify the significantly enriched metabolic pathways in DEGs, Gene Ontology and enrichment analyses with KEGG annotation were performed using the genes within each cluster, where the formula used in this study is as follows [20] : [28] .
Quantitative real-time PCR analysis
Data access
RNA sequencing data have been deposited at NCBI under the accession number GSE49805.
Results
Sequence identification and analysis
Library construction and sequence analysis were conducted as described previously [20] . Generally, around 16.8 million high-quality raw reads were generated. After performing quality-control measures, 16.1 million clean tags were obtained for all four stages (Tables 1 and S1 ). Briefly, after removing low-quality and contaminating reads, clean tags were retained for further analysis. Subsequently, the 16.1 million clean tags were aligned against the maize genome (B73 RefGen_v3 (May 2012)). The percentage of clean tags in the raw data for each developmental stage was 93.62%, 96.81%, 96.54%, and 96.56%, respectively. About 69.86% clean tags were mapped to the B73 reference genome with an average of 76.10% genes covered. The occurrence of unmapped tags was probably due to incompleteness of the maize genome sequence data. Most tags were aligned to genic regions and the genic distribution of reads from mRNA reference sequences at the four developmental stages (I-IV) showed that the majority of tags (87.58%, 87.23%, 90.30%, and 90.95%, respectively) were mapped to exon regions and the remainder were distributed among introns, intergenic regions and repeat regions ( Figure S1 ).
The majority of transcripts were expressed at all four stages ( Figure 1A , Table S2 ).
The number of sense ( Figure 1A ) and antisense ( Figure 1B ) transcripts overlapping at all four stages were 11,970 and 4416, with a cutoff for expression at each stage of one tag per million. The number of genes that showed both sense and antisense expression were 7230, 7052, 6918, and 6571 ( Figure 1C ) for each developmental stage, and 10,456 across all stages. Of those sense genes detected, only 74 genes were expressed uniquely in stage I, and this number was even lower than that of the other three developmental stages, which suggested that more genes were involved in maize ear development during the ear developmental transition.
Analysis of differentially expressed genes and validation by qRT-PCR
Generally, all tags that were mapped to genes (sense and anti-sense) were used for differential expression analysis combined with the DGE method for a genome-wide comparative analysis of data for the four developmental stages. Comparative gene expression analyses were used for estimation of gene expression levels at the four developmental stages (Table S3) . We calculated the number of tags corresponding to each gene in each library to estimate gene expression levels and compare the difference in fold-change between the developmental stages [20] . Transcripts that showed differential expression levels are shown in Figure S3 ; the blue dots are defined as "no difference in expression" representing genes that are differed by less than 2-fold change between two libraries at a threshold of log2 ratio ≥ 1. The up-regulated (red dots) and down-regulated genes (green dots) indicate significantly DEGs (Figures 2A and S2 , Table S4 ). In total, the number of genes differentially expressed between two stages was as follows: 3325 between stages I and II (36% up-and 64% down-regulated in stage II), 4735 between stages I and III (57% up-and 43% down-regulated in stages III), 6398
between stages I and IV (46% up-and 54% down-regulated in stage IV), 3765 between stages II and III (71% up-and 29% down-regulated in stage III), 5178 between stages II and IV (60% up-and 40% down-regulated in stage IV), and 1698 between stages III and IV (35% up-and 65% down-regulated in stage IV).
To better understand the dynamic changes of gene expression in maize ear development during the four stages, further analyses of the DEGs were performed, especially those genes up-or down-regulated gradually following ear development (II vs.
I, III vs. II, and IV vs. III; Table S4 ). Among the DEGs identified, 1201, 2690, and 594
genes were up-regulated in stages II, III, and IV, respectively, compared with their own preceding stage. In contrast, the number of down-regulated genes was 2124, 1075, and 1104 in stages II, III, and IV, respectively ( Figure 2A , Table S4 ). This suggests that DEGs were less abundant in stages II and IV, whereas a higher number (uniquely 2217
DEGs in III vs. II, Figure 2B ) of DEGs were involved in ear development during stage III ( Figure 2B ), indicating that more genes were involved in stage I (growth point elongation phase) and stage III (floret primordium differentiation phase) during maize ear development. Furthermore, the expression patterns of nine DEGs were illustrated in Figure S4 . Interestingly, some genes were well-known annotated to the mutants during maize inflorescence development such as compact plant2 (ct2), zea AGAMOUS homolog1 (zag1), bearded ear (bde), and silky1 (si1) [29] .
To confirm the expression patterns determined by Solexa RNA-sequencing analysis, 
Gene ontology enrichment and global analysis of the gene expression profiles
On the basis of the DEGs and gene ontology (GO) annotation, GO enrichment analysis assigned the DEGs (with q-value < 0.001 significantly enriched, and |log2 ratio| Figure 4A , Table S5 ). Most clusters showed significant enrichment for particular GO terms and KEGG pathways ( Figure 4B , C). In general, clusters K1 and K7 displayed similar expression patterns across the four developmental stages, which were consistent with the results of the GO enrichment analyses. Most overrepresented GO terms were shared between clusters K1 and K7, such as chromatin organization, organelle organization, and cellular component organization or biogenesis ( Figure 4B ). In addition, ribosome pathway was also overrepresented in both clusters K1 and K7. Interestingly, the carboxy-lyase (GRMZM2G159149) in cluster K1 was found to be uniquely, significantly up-regulated in stage III, and significantly down-regulated in stages II and IV (Table S4) , which indicated carboxy-lyase may have an important role in the floret primordium differentiation phase during maize ear development. However, only one GO term (response to stress) was significantly enriched in cluster K2.
Resolving transcription factors among differentially expressed genes
A primary objective was to identify genes that encode transcription factors (TFs) and resolve the dynamics of TF accumulation during ear development. We retrieved putative orthologs of maize genes based on information from the EnsemblCompara gene trees [30] stage IV compared to its previously adjacent stages, respectively ( Figure 5 , Table S7 ).
Interestingly, both genes were predicted targets of microRNA156, which plays an important role in maize ear development [10] and tomato growth development [32] . The result further indicates the potential roles of microRNA156 and SBP in maize ear development. As a TF, SBP (GRMZM2G109354) displayed significantly differential expression patterns during different developmental stages ( Figure 5C ), which suggested SBP may have different regulatory roles in each stage of maize ear development.
Antisense transcripts detected for many genes
Antisense transcripts have been identified and predicted from maize [33] . Antisense transcription is a common phenomenon in maize ( Figure 1B, C) and was widespread at all four stages. Interestingly, a large number of antisense transcripts were uniquely expressed in stage I (1232 genes), whereas substantially fewer (692) genes were expressed in the antisense direction at the other stages ( Figure 1C ). During stage I, 7230 genes were expressed in both sense and antisense direction ( Figure 1C ). The distribution pattern of antisense transcripts across the four developmental stages was similar to the overall transcript distribution (both antisense and sense, Figure 1C ).
Annotation with GO terms was performed for the antisense transcripts detected at all four developmental stages (Table S2) 
Discussion
In this study, ~6800 DEGs were identified across various comparisons of developmental stages during maize ear development. Previous studies suggested that the expression and function of the floral homeotic gene AGAMOUS (AG) was responsible for normal floral development and floral organ identity transformation [34, 35] . In the present study, the homolog of the Arabidopsis gene AGAMOUS (GRMZM2G052890) ( (Table 2) .
To further investigate the co-expression pattern of DEGs involved in maize ear development, we identified several clusters that were uniquely significantly enriched in GO terms, such as cellular aromatic compound metabolic process and microtubule-based process, in clusters K5 and K13 ( Figure 4B ), respectively. These two clusters were also significantly involved in KEGG pathways, such as phenylalanine, tyrosine, and tryptophan biosynthesis of secondary metabolites for K5, and proteasome for K13
( Figure 4C ). Sixteen genes were significantly differentially expressed in cluster K13 across the four developmental stages (Table 2) , of which most of the genes showed a unique expression pattern (either up-or down-regulated) during stage III.
In plants, protein phosphorylation is an important regulatory mechanism. Histidine- Antisense transcripts have been reported in various biological processes, including translation regulation and RNA interference [33] . In the present study, several additional processes were significantly identified from unique antisense transcripts during stage I, including oxidation reduction (GO:0055114), response to oxidative stress (GO:0006979), regulation of protein metabolic process (GO:0051246), phosphatidylcholine metabolic process (GO:0046470), inflorescence development (GO:0010229), and microtubule bundle formation (GO:0001578). Thus, the antisense transcripts detected in this study may play important roles in maize ear development.
Conclusions
In this study we undertook a comprehensive transcriptome analysis and identification of DEGs during maize ear development using a Solexa sequencing platform. In total, we identified 3325 genes that were differentially expressed during the spikelet differentiation phase, 3765 genes during the floret primordium differentiation phase, and 1698 genes during the floret organ differentiation phase, compared to its previously adjacent stages., respectively. Some of these DEGs were predicted to play important roles in maize ear development, such as AGAMOUS (GRMZM2G052890) and ATFP3
(GRMZM2G155281). Interestingly, some genes were well-known annotated to the mutants during maize inflorescence development such as compact plant2 (ct2), zea AGAMOUS homolog1 (zag1), bearded ear (bde), and silky1 (si1). In accordance with our previous study [10] , several DEGs were predicted to be targets of microRNAs.
MicroRNA156 appears to be a key microRNA in maize ear development. The expression pattern of SBP (GRMZM2G109354). As a transcriptional factor, SBP (GRMZM2G109354) is also found to be significantly up-or down-regulated during ear development, suggesting a potential regulatory role of SBP in the maize ear development.
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